The infrared spectral energy distributions (SEDs) of z 5 quasars can be reproduced by combining a low-metallicity galaxy template with a standard AGN template. The host galaxy is represented by Haro 11, a compact, moderately low metallicity, star-bursting galaxy that shares typical features of high-z galaxies. For the vast majority of z 5 quasars, the AGN contribution is well modeled by a standard empirical template with the contamination of star formation in the infrared subtracted. Together, these two templates can separate the contributions from the host galaxy and the AGN even in the case of limited data points, given that this model has only two free parameters. Using this method, we re-analyze 69 z 5 quasars with extensive Herschel observations, and derive their AGN luminosities L AGN in a range ∼ (0.78 − 27.4) × 10 13 L ⊙ , the infrared luminosities from star formation L SF,IR ∼ (< 1.5 − 25.7) × 10 12 L ⊙ , and the corresponding star formation rates SFR ∼ (< 290 − 2650) M ⊙ /yr. The average infrared luminosity from star formation and the average total AGN luminosity of the z 5 quasar sample follows the correlation defined by quasars at z < 2.6. We assume these quasar host galaxies maintain a constant average SFR (∼ 620 M ⊙ /yr) during their mass assembly and estimate the stellar mass that could form till z ∼ 5 − 6 to be M * ∼ (3 − 5) × 10 11 M ⊙ . Combining with the black hole (BH) mass measurements, this stellar mass is adequate to establish a BH-galaxy mass ratio M BH /M * at 0.1-1%, consistent with the local relation.
INTRODUCTION Over 150 quasars with black hole masses of the order of 10
8 − 10 9 M ⊙ have been discovered beyond z ∼ 5, less than a billion years after the Big Bang (e.g., Fan et al. 2006; Jiang et al. 2008; Mortlock et al. 2009; Willott et al. 2010a; Morganson et al. 2012; McGreer et al. 2013; Bañados et al. 2014 ). In the local Universe, the masses of supermassive black holes (SMBHs) are correlated with the properties of their host galaxies, suggesting galaxies and SMBHs possibly coevolve (Kormendy & Ho 2013 , and references therein). Since star formation (SF) enables the buildup of galaxies and active galactic nuclei (AGN) trace the growth of SMBHs, the so-called SF-AGN relation has come under intense scrutiny for decades (Heckman & Best 2014, and references therein) . With the use of groundand space-based facilities, similar research can be extended to z > 5, allowing the preliminary examination of both the stellar and SMBH growth at very early stages in galaxy evolution (e.g., Walter et al. 2004 Walter et al. , 2009 Maiolino et al. 2005; Riechers et al. 2006; Jahnke et al. 2009; Wang et al. 2010b Wang et al. , 2013 Willott et al. 2013 Willott et al. , 2015 .
However, observing the AGN host galaxy in a quasar is challenging, since the bright continuum emission from the active nucleus overpowers the light from the galaxy from the UV through the near-infrared (near-IR or NIR). At z > 5, the situation is even more extreme: the AGN tend to be the most luminous because of the evolution of the quasar luminosity function and selection effects (e.g., Fan et al. 2004; Jiang et al. 2008; Willott et al. 2010b; McGreer et al. 2013) ; the host galaxies are found to be (e.g., Carilli & Walter 2013) to supply the star formation, boosting their IR luminosities (e.g., Daddi et al. 2005 Daddi et al. , 2007 Rodighiero et al. 2011; Magnelli et al. 2014; Schreiber et al. 2015) . Moreover, both observations and theories suggest galaxies in the early Universe are generally metal poor (e.g., Madau & Dickinson 2014 , and references therein), which could also have detectable effects on their SEDs, such as weak aromatic features, featureless mid-IR (MIR) continuum, and higher dust temperatures (e.g., Galliano et al. 2005; Rémy-Ruyer et al. 2013 ). At extremely high redshift (e.g., z > 4), direct constraints on metallicity in galaxies are rare; however, indirect evidence supporting low-metallicity comes from the failed detection of the dust continuum for nearly all z > 6 galaxies (e.g., Ouchi et al. 2013; Maiolino et al. 2015 , but see Watson et al. 2015) . It is likely that galaxies, in general, including those quasar host galaxies, are of relatively low-metallicity when the Universe age is within ∼ 1 Gyr.
Because of these issues, fits to the SEDs of high redshift quasars are unsuccessful using conventional quasar templates plus those for typical normal (e.g., ∼ solar metallicity) SF galaxies, a method that works well for low-tointermediate redshift quasars (e.g., Mullaney et al. 2011; Magdis et al. 2013; Xu et al. 2015b) . In this paper, we demonstrate that the SEDs of z 5 quasars can be modeled using a moderately low-metallicity galaxy template to represent the AGN host galaxy. We combine a galaxy template derived from Haro 11 and a modified AGN template based on Elvis et al. (1994) to provide physicallymotivated fits that successfully reproduce these z 5 quasar infrared SEDs. This simple model can be used to probe the relation between the AGN activity and host star formation in quasars with very limited observations. Throughout this paper, we adopt cosmology Ω m = 0.27, Ω Λ = 0.73 and H 0 = 71km s −1 Mpc −1 .
2. SELECTION OF SED TEMPLATES In modeling the SEDs of quasars at z 5.0, the dearth of data points at long wavelengths requires minimizing the number of free parameters in SED fitting. While more precise fittings may be achieved by adding more free parameters, the scientific interpretation is then more subject to model degeneracy. To first order, the SED of a quasar should consist of an AGN component, and a host galaxy component. If suitable SED templates can be found, we only need two free parameters to normalize their contributions. Such a two-parameter model can be used to retrieve information from sources with less complete observations and make the interpretation less ambiguous.
2.1. Host Galaxy Template: Why Haro 11? Galaxies at z ∼ 2 − 3 are of relatively low-metallicity (e.g., Cullen et al. 2014; Maier et al. 2014) . Confirming the trend toward lower metallicity to z 5 is difficult with current capabilities. Recently, some groups have tried to detect the dust continua of z > 6 normal galaxies using the Atacama Large Millimeter/Submillimeter Array (ALMA). The unexpected failures of almost all of these efforts have led to the interpretation that these z > 6 galaxies may be scaled-up versions of local very metal-poor dwarf galaxies (e.g., Ouchi et al. 2013; Maiolino et al. 2015) . As Fisher et al. (2014) pointed out, it would be almost impossible to observe the dust emission of any z > 6 galaxies with extreme low metallicity like the local dwarf galaxy 1 Zw 18. For the most luminous systems, however, the change in metallicity seems to be modest (e.g., Rawle et al. 2014) . As a result, the ideal sample to draw a representative template for IR observable high-z galaxies is the moderately low-metallicity galaxies in the local Universe.
In addition, AGN host galaxies at z > 4 are found to be compact with typical sizes ∼ 1-3 kpc, from observations at rest-frame UV ), deep K s -band images (Targett et al. 2012) , dust continuum maps (Wang et al. 2013) , submm fine structure line maps (e.g., Wang et al. 2013; Willott et al. 2013 Willott et al. , 2015 , molecular gas distributions (e.g., Walter et al. 2004 Walter et al. , 2009 Wang et al. 2013) , and from SED analysis (Greve et al. 2012) . Compared with extended galaxies of the same infrared luminosity, they are expected to have hotter far-IR SEDs due to compact star forming regions (Groves et al. 2008) . Thus, we are motivated to search for a moderately low-metallicity galaxy with a high surface density of star formation to provide a SED analogous to that we expect for the star formation in the host galaxies of high-z quasars.
Appendix A presents the procedure to derive lowmetallicity galaxy templates. To summarize briefly, we began with the sample of the Dwarf Galaxy Survey (DGS; Madden et al. 2013) , which includes the largest metallicity range observable in the local Universe, with 12+log(O/H) ranging from 7.14 to 8.43, and spans four orders of magnitude in star formation rates. Combining their Herschel far-IR data ) and archival WISE mid-IR photometry, we fit the broad-band SEDs with a far-IR modified blackbody plus a mid-IR power-law component, and replaced the mid-IR fit SEDs with the corresponding Spitzer spectra. Among the 19 dwarf galaxies studied in detail, Haro 11 is the best candidate analog for high-z galaxies. Haro 11 is a moderately low-metallicity (Z = 1/3 Z ⊙ , James et al. 2013 ) dwarf (M * = 10 10 M ⊙ , Östlin et al. 2001 ) galaxy in the nearby Universe (D = 92.1 Mpc, Bergvall et al. 2006) . It shows substantial star formation activity (SFR ≈ 20 − 30 M ⊙ /yr, Grimes et al. 2007 , see also Appendix B.2) and emits strongly in the infrared (L IR ≈ 2.0 × 10 11 L ⊙ , Adamo et al. 2010 ). Haro 11 also contains an extremely young stellar population with age < 40 Myr (Adamo et al. 2010) . Some authors suggest it is a local analogue of the high-z Lyman break galaxies (LBGs) or Lyman-α emitters (Hayes et al. 2007 ; Leitet et al. 2011) .
Besides low metallicity, the most important two features of Haro 11 are its high star formation rate and compact size, indicating a very high star formation surface density. From our estimation, the star formation rate of Haro 11 can be as high as ∼ 32 M ⊙ /yr (based on L IR and L FUV , see Appendix B.2), which is significantly higher than the vast majority of dwarf galaxies in the literature (Hopkins et al. 2002) . Meanwhile, Haro 11 has a compact size. Its MIPS 24µm image is perfectly diffraction-limited (see Figure 1) , which puts an upperlimit on its IR emitting region size (< 3.4 ′′ or 1.2 kpc). The size of the star formation region of Haro 11 con-strained from high-resolution Hα images (Östlin et al. 2009 ) is also small (∼ 1.3 kpc from measuring 50% total flux, and ∼2.7 kpc from measuring 90% total flux). The IR luminosity surface density, Σ L(IR) , of Haro 11 is ∼ 10 11 L ⊙ /kpc 2 , which approaches the values in galaxies at z 4 (e.g., GN20 has Σ L(IR) ∼ 10 12 L ⊙ /kpc 2 , Hodge et al. 2015) . The high star formation rate surface density and infrared luminosity surface density of Haro 11 are exceptional among dwarf galaxies, making it the most suitable local analog to high-z quasar host galaxies. In Figure 2 , we compare the derived Haro 11 template with a number of normal solar-metallicity star-forming (SF) templates in Rieke et al. (2009) . Haro 11 has a larger mid-IR slope with α = 3.63 (f ν ∝ λ α ), in contrast with normal galaxies with α ∼ 2.0 (e.g., Blain et al. 2003; Casey 2012) . The derived dust temperature is T = 46.5 K with emissivity index β = 1.9. Haro 11 also presents very weak aromatic features compared with normal galaxies. All these characteristics are commonly seen for other dwarf galaxies (see Appendix A.3). Compared with the Rieke et al. (2009) SED templates with log L IR < 11.50, which are representative for z ∼ 2 galaxies (see Section 3.1), Haro 11 has similar L IR surface densities but higher dust temperature. We suggest the low-metallicity of Haro 11 is the most likely reason for its warmer SED.
AGN Continuum Template
Candidate AGN templates can be derived from either numerical models (e.g., Fritz et al. 2006; Hönig & Kishimoto 2010) or semi-analytic models (e.g., Mullaney et al. 2011; Sajina et al. 2012) . However, such models always have many free parameters, which need to be optimized to fit real AGN behavior. Hence the starting point for determining AGN templates needs to be an accurate empirical version. Elvis et al. (1994) built an X-ray to radio SED template for a sample of 47 well-defined optically selected quasars and subtracted the host galaxy emission in the UV/optical and near-IR bands. This template has become the classic representation of Type 1 AGN SEDs in the ultraviolet, visible, near, and mid-infrared. Many studies based on larger samples and modern data have closely reproduced the Elvis template (e.g., Richards et al. 2006; Shang et al. 2011; Runnoe et al. 2012; Elvis et al. 2012; Hanish et al. 2013; Scott & Stewart 2014) . The remarkable similarity of these results to the Elvis template is demonstrated by the comparisons in Scott & Stewart (2014) (their Figure  5) . The success of the Elvis template is also demonstrated by its broad application, for example, to study the SEDs of type-1 AGN in XMM-COSMOS (Elvis et al. 2012) and decompose the SEDs of intermediate-redshift quasars in Xu et al. (2015b) . The template shape appears to vary little with cosmic evolution or other characteristics such as the Eddington ratio (e.g., Hao et al. 2011 Hao et al. , 2014 . In particular, this template appears to work equally well to z ∼ 6. Jiang et al. (2006) demonstrated that the rest-frame 0.15 − 3.5µm SEDs of 13 z ∼ 6 quasars can be matched with the Elvis et al. (1994) template. Wang et al. (2008b) demonstrated that the average optical-to-near-IR SED of 33 z ∼ 6 quasars is consistent with the Elvis template. Jiang et al. (2010) find that the near infrared and optical-to-NIR colors of hundreds of quasars are virtually the same from the local epoch to z ≥ 6, i.e., they are consistent with a common SED shape, which must therefore be consistent with the Elvis template. Therefore, the Elvis template is a useful metric for testing more complex models and is currently the most suitable approach for SED decompositions involving UV-luminous Type-1 AGNs.
There are two issues in applying the Elvis template. The first is that it is likely to have a residual contribution in the far infrared from dust heated by star formation, a possibility that has hindered its application in using the far infrared to measure star formation rates in quasar host galaxies (e.g., Barnett et al. 2015) . However, a version of the template corrected for this effect is now available (Xu et al. 2015b) . Based on the analysis of the Spitzer and IRAS data of the Elvis et al. (1994) sample, these authors found a tight correlation between the strength of the 11.3 µm aromatic feature and the infrared 60 to 25 µm flux ratio. They concluded that star formation, as traced by the aromatic feature, boosted the infrared flux ratio in the template by a factor of 1.27. A scaled Rieke et al. (2009) star-forming galaxy template (log L IR = 11.0) was subtracted from the Elvis et al. (1994) template to remove this contribution. The second issue is that of order 10% of quasars have SEDs similar to the Elvis template in the UV and optical, but are relatively weak in the near and mid-infrared, a behavior attributed to a relative lack of hot dust (Hao et al. 2010 (Hao et al. , 2011 . The exact SED shape of these dust-poor quasars requires future work to address. Leipski et al. (2013) used three components to represent the AGN SEDs for their high redshift quasar sample: a UV/optical power-law, a NIR dust emission component, and a torus model. They adjusted the relative contributions of these components to optimize their SED fits. However, all three components are implicitly embedded in the Elvis template. Any adjustments in relative strengths should only be made after it has been demonstrated that the Elvis template (or similar ones) gives an unsatisfactory fit. In this work, we use the Elvis template for our SED decomposition. When combined with the Haro 11 template, we find that its fits are of comparable quality to the relatively unconstrained fits used by Leipski et al. (2013 Leipski et al. ( , 2014 in the sense of chi-square tests.
There is thus no advantage for our study in using those more complex and less constrained models for the quasar SEDs -they introduce additional free parameters without improving the fits correspondingly (see Section 3.3).
Fitting Procedure
To compare the templates described above to observations, we used a fitting procedure that takes into account upper-limit data points where available. For n measurements of x i with uncertainties σ i and m non-detections with x j < nσ j (n th confidence level), we define the fitting chi-square as (Isobe et al. 1986) :
where
which is the error function, andx i (θ) is the modeled value. In Equation 1, the first term on the right-hand side is the classical definition of chi-square, and the second term introduces the error function to quantify the fitting of upper-limits. We use Markov Chain Monte Carlo (MCMC) methods to find the parameter set θ to minimize χ 2 total . 3σ upper limits are adopted for all nondetections. To compare the fitting quality of different fitting methods, the total χ 2 total should be normalized by the degrees of freedom, ν. In our case, ν = n + m − k, where k is the number of free parameters in the model. We will use χ 2 ν to represent the reduced chi-square, i.e., χ 2 ν = χ 2 total /ν. To deal with the trade-off between the goodness of fit and the complexity of the model, we use the corrected Akaike Information Criterion (AICc) test (Sugiura 1978) , which is defined by
where L max is the maximum likelihood achievable by the model, and N is the number of data points used in the fit, N = n + m. The likelihood of a model to fit data satisfies
where the constant C is related to the errors, σ i , and the binning, ∆x i , of the data points, which are fixed at the time of observations. We can ignore C when comparing different models to fit the same observations, and finally have
3. TESTS OF THE TEMPLATES 3.1. Template Fits for High-z Galaxies We now discuss alternative SF template candidates to be used at high-z. Rieke et al. (2009) derived templates for local normal star-forming galaxies with different infrared luminosities (L IR ). Although carefully calibrated in the local Universe, these templates may not apply at high redshift. The star formation in luminous galaxies at high-z has been found to be more physically extended than that in local galaxies with similar L IR (local LIRGs and ULIRGs are sub-kpc, whereas high-z DSFGs are kpc in size, see Rujopakarn et al. 2011) . Rujopakarn et al. (2011 Rujopakarn et al. ( , 2013 found that the Rieke et al. (2009) log L IR =11.00-11.50 SED templates are representative of galaxies found at 0.4 < z < 2.7 due to their similar L IR surface densities. This argument is supported by the consistency between the empirical average SED of z ∼ 2 galaxies derived in Kirkpatrick et al. (2012) and the log L IR =11.00-11.50 SED templates from Rieke et al. (2009) (Figure 3 ). In fact, Figure 3 shows the progressively poorer correspondence of the Rieke et al. (2009) templates with the empirical one with increasing L IR . It is also consistent with the finding of a shift toward colder FIR SEDs at high redshift by Symeonidis et al. (2009 Symeonidis et al. ( , 2013 . Greve et al. (2012) found evidence of extended structures in DSFGs out to redshift z ∼ 4.0, based on analysis of their infrared SEDs. With this evidence, we focus on Rieke et al. (2009) SED templates with luminosity log L IR < 11.50 in the following comparisons. These normal SF templates represent galaxies that are almost certainly more metal-rich than is appropriate for z > 4. We will therefore compare them with fits using a template derived from Haro 11. We test the Rieke et al. (2009) and Haro 11 template fittings to extremely high-z galaxies, as examples of potential host galaxies for high redshift quasars. Due to the lack of data available for star-forming galaxies at z > 5, we extend our redshift range down to z = 4. We find 8 galaxies (see Table 1 ) with multiple constraints on their rest-frame infrared SEDs, suitable for comparison with these templates. By selection, these highest-z DSFGs are limited to a handful of submillimeter galaxies (SMGs), which were originally discovered in the submm and relatively bright in the far-IR. The identification technique of SMGs could bias their SEDs to be relatively cold compared with high-z galaxies selected in other ways (Le Floc'h et al. 2004) , whereas the SEDs of low-metallicity galaxies tend to be relatively hot (e.g., Riechers et al. (2013) ; (2) Dwek et al. (2011) ; (3) Huang et al. (2014) ; (4) Rawle et al. (2014) ; (5) Cox et al. (2011) Rémy-Ruyer et al. 2013). As a result, the high-z galaxy examples studied here might be biased against typical low metallicity galaxies, which, as in the case of Haro 11, tend to have SEDs dropping rapidly toward the submm. Table 1 summarizes the fitting results for the z > 4 galaxies. We limit the fits to rest-frame 8-1000 µm, where the emission is purely from dust. Although a few examples, e.g., GN20, have a cold far infrared SED matched better by the Rieke et al. (2009) templates, in general the fits with the Haro 11 SED are at least as good. We conclude that it is as good as the local higher metallicity templates in fitting the SEDs of these extreme z > 4 SMGs. That is, even given the selection bias against it, the Haro-11-based template can be used without a substantial loss of accuracy. Kirkpatrick et al. (2012) (magenta line with template errors in yellow) and the normal star-forming galaxy templates with log L IR = 11.00, 11.25, 11.50 in Rieke et al. (2009) Elvis et al. (1994) template has been shown to match type-1 quasar SEDs for redshifts up to z ∼ 3 and for wavelengths λ 24µm (Hao et al. 2014; Xu et al. 2015b ). An issue in applying it, or the similar template of Richards et al. (2006) , in the far-IR is the uncertain contribution of host galaxy star formation (e.g., Barnett et al. 2015) . However, Xu et al. (2015b) were able to correct for this effect. In Figure 4 , we compare this corrected template with the stacked SEDs from Leipski et al. (2014) . While the UV-to-optical parts of all three SEDs are well matched with the AGN continuum template, differences emerge in the infrared. The stacked SED of quasars detected in at least 3 Herschel bands has a substantial excess over the AGN template in the far-IR, which we attribute to host galaxy star formation (see Section 5.1). The stacked SED of quasars not detected with Herschel is not matched as well in the infrared although the reduced chi-square is still acceptable. This behavior could be due to the unsuitability of a classical AGN template to represent the hot-dustfree (Jiang et al. 2010) or hot-dust-poor (Hao et al. 2010 (Hao et al. , 2011 quasars (hereafter hot-dust-deficient quasars, or HDD quasars) as pointed out by Leipski et al. (2014 Elvis et al. (1994) ) template are reasonable choices to decompose z 5 quasar SEDs, we focus on 5 quasars with the most complete infrared SEDs. Besides SDSS J1204−0021, the SEDs of all the other quasars were studied in Leipski et al. (2013) 3 . We model the observed rest-frame 1-1000µm SED as a linear combination of the Haro 11 template and the AGN template with two free normalizing factors. These two templates are taken to be independent. To compare the Haro 11 template with the normal SF templates, we replace the Haro 11 template by the normal SF templates in Rieke et al. (2009) , and redo the fit. We also apply the Leipski et al. (2013) model to the UV-to-IR SED of these quasars and compare the fits of the IR SED with those from our two-component models.
In Figure 5 , we present the SED decomposition results. In general, the Haro 11 template fits have smaller residuals ( 0.3 dex) compared with the best-fit 4 normal SF template. In particular, the Haro 11 template yields much better fits in representing the warm dust component from the two-component decomposition. We comment on the two-component fits (left and middle columns Leipski et al. (2014) and our fitting results. We limit the fitting to rest-frame wavelengths 1-1000µm. The black solid line is the modelled SED, the black circles are the modelled points (convolved with the corresponding photometric filters). The AGN component and galaxy component are shown as gray and purple solid lines, respectively. The blue dots are for detections with 1σ error bars and red dots are for upper limits at 3σ. The reduced chi-square of the fit is shown on the bottom left of each plot.
of Figure 5 ) for each SED below:
J0338+0021 (or SDSS J033829.31+002156.3; we use JHHMM ± DDMM for brevity). The Haro 11 template is better than the best normal SF template in decomposing the SED. Fitting the mid-IR at < 10µm and the far-IR drop beyond 100µm results in the normal SF template model underestimating the flux at 10 − 100µm. We note an excess between ∼ 10 µm and ∼ 40 µm over the normal SF template fitting model SED, which could be the warm excess seen in relatively low-z AGN SEDs reported by Xu et al. (2015b) . In contrast, such an excess is not strong in the Haro 11 template fits.
J0756+4104. Judging from the fit χ 2 ν , the normal SF template seems better. However, ∼ 50% of the χ 2 ν of the Haro 11 template fit is contributed by the data point at the longest wavelength (λ rest = 139µm), whereas the χ 2 ν contribution of the same data point in the normal SF template fitting is minimal. Again, the normal SF template fitting underestimates the SED at ∼ 10−40µm. We conclude the normal SF template and the Haro 11 template yield fits of similar quality.
J0927+2001. The Haro 11 template is much better than the normal SF template in reproducing the observed SED. The maximum deviation of the dwarf galaxy model and observed SEDs is less than 0.3 dex. In the case of this quasar, the normal SF template underestimates the SED at ∼ 10 − 100µm.
J1148+5251. For this well-studied quasar, the Haro 11 template fitting is almost the same as the best normal SF template fitting when comparing χ 2 ν . Interestingly, our estimation of the host contribution of this quasar is consistent with result based on the theoretical analysis by Schneider et al. (2014) .
J1204−0021. This is the only case where the Haro 11 template fitting has one data point with fitting residual (slightly) greater than 0.3 dex. Both two-component fits underestimate the observed 10 − 100µm flux. However, the residual from the Haro 11 template fitting is much smaller than the normal SF one.
For the Leipski et al. (2013) model (right column of Figure 5 ), we only apply the fit to the detected data points in the UV-to-IR, in the same fashion as Leipski et al. (2013) , and compute the χ 2 ν for the detected data points at rest-frame 1-1000µm. Since it has more components, especially a torus component selected from a large model library, small details of the observed SED can be reproduced. Thus, the residuals are generally smaller. However, our two-parameter fit has similar reduced chi-square compared with the Leipski et al. (2013) model, despite its simplicity. To judge which fit is preferred, we have used the AICc test (see Section 2.3). Since the slope of the power law component is not useful in fitting the infrared data, we have assumed that the Leipski et al. (2013) fits had six free parameters over 1-1000 µm. As shown in Table 2 , the value of AICc is lower in all five cases for the 2-parameter fits, indicating that they are indeed preferred. That is, even for these quasars with the maximum number of measurements, the Leipski et al. (2013) model over-fits the data compared with our two-parameter one.
In summary, we find that the Haro 11 galaxy template and the modified Elvis AGN template are at least as good at fitting the overall high-z quasar SEDs as the fits using templates for local star forming galaxies of solar metallicity. The Haro 11 template fits better in the rest-frame mid-IR, but may be slightly worse in the far-IR range. Though the Leipski et al. (2013) model could reproduce more details of the observed SED, our two-component model yields fits of comparable overall quality and is preferred in model selection due to its simplicity. The plots show νFν in units of erg/s/cm 2 over the rest-frame wavelengths. We show the results from "Haro 11 + AGN" decomposition (left column), "normal SF galaxy + AGN" decomposition (middle column), and the Leipski et al. (2013) model (right column). In each plot, the blue dots are for detections with 1σ error bars and red dots are for upper limits at 3σ. The bottom panel of each plot presents the residuals from the fit. In the left and middle columns, the colored lines show the results of a two-component SED fit as described in Section 2: the SF-subtracted type-1 AGN template in orange, and a galaxy template in purple. The black line is the total of these two components. The black circles are the synthetic photometry points from the model. To demonstrate that Rieke et al. (2009) templates with log L IR > 11.50 do not yield better results, we make another fitting with Rieke et al. (2009) log L IR =12.50 template, and plot the fitted galaxy component (pink thin line) and the total model SED (gray thin line) in the middle column. In the right column, we use the Leipski et al. (2013) model, which is a combination of a UV/optical power-law (dotted line), a 1200 K near-IR dust component (dot-dashed line), a near-/mid-IR torus model (short-dashed line), and a modified black-body far-IR component with β = 1.6 (long-dashed line).
Combining Herschel, Spitzer and ground-based 250 GHz observations, we apply the "Haro 11 + AGN" twocomponent fit to the observed SEDs of all 69 quasars in Leipski et al. (2014) (hereafter, sample-A). Since our interest is the infrared output, we again limit the fit to rest-frame 1.0 − 1000µm. The fits are presented in Figure 6 . We can confirm again the suitability of the modified Elvis et al. (1994) Note. -Results of full IR fits. Upper-limit data points are included in the evaluation process. Col. (3): the total infrared luminosity (8-1000 µm) estimated from the "Haro 11 + AGN" two-component SED fit; Col. (4): the fraction of luminosity of host template contribution to the whole fit SED, based on result from the "Haro 11 + AGN" decomposition; Col. (5) redshift (Mor & Trakhtenbrot 2011) . The χ 2 ν , derived total infrared luminosities (L(IR)), and host component contributions from the fits are listed in Table 3 . We also calculate the star formation rates using the method described in Section 5.3
We can compare the results of the host galaxy far-IR luminosity with other works. It is frequently assumed that the far-IR SED of high-z quasars can be described as a T = 47 K and β = 1.6 modified black body (Beelen et al. 2006 ) and the infrared luminosity of this component is used to estimate their star formation rates (e.g., Omont et al. 2013; Leipski et al. 2013 Leipski et al. , 2014 Calura et al. 2014; Willott et al. 2015) . However, real galaxies have strong mid-infrared emission that is under-represented by a single (modified) black body SED (e.g., Dunne & Eales 2001; Willmer et al. 2009; Galametz et al. 2012; Kirkpatrick et al. 2012) . With the inclusion of the mid-IR energy contribution from star formation, the Haro 11 template yields an infrared luminosity L SF,IR 1.5-2.0 times larger than the infrared luminosity of the Beelen et al. (2006) modified back body template L FIR , depending on the exact far-IR constraints to the galaxy component. Compared with the Leipski et al. (2014) results from the four-component decomposition on 19 quasars with most complete IR SED observations, our results are different, especially for the host galaxy far-IR luminosity. For a quasar with strong host galaxy far-IR emission, its mid-IR emission will be dom- inated by star formation. Since the modified black body misses significant luminosity at shorter wavelengths, the Leipski et al. (2013) model has to scale up the torus component to fit the rest-frame mid-IR data, ending with an overestimated fraction of the far-IR emission due to the AGN (the torus) and an underestimated host galaxy contribution. Consequently, the star formation rates derived by the Leipski et al. (2013) This discrepancy is still due to the template differences. The torus templates used in Leipski et al. (2013 Leipski et al. ( , 2014 by themselves generally underpredict the far-IR emission compared with our AGN template. As a result, the far-IR modified black body has to be scaled up to match the far-IR observations. We believe the star formation rate based on the L SF,IR from our model is more reliable, since 1) the host galaxy template is based on a real galaxy that includes the mid-IR star formation contribution; 2) the relative contributions of the torus and near-IR component are fixed in our AGN template that is based on real observations. In addition, thanks to the simplicity of the two-component model, we can place constraints on the host galaxy star formation for the other 50 z 5 quasars in Leipski et al. (2014) , which only have upper-limits for the MIR-FIR SEDs and the Leipski et al. (2013) model can not fit. We will discuss our model results in Section 5. We also searched for other z 5.0 quasars with restframe far-IR observations in the literature and found 33 more quasars not included in Leipski et al. (2014) (hereafter sample B). The majority of them have been listed in Calura et al. (2014) , except for RD J0301+0020 and TN J0924-2201. We collected all available observations on dust continuum as well as the UV/optical continuum (Bertoldi & Cox 2002; Petric et al. 2003; Wang et al. 2008b Wang et al. , 2011b Wang et al. ,c, 2013 Omont et al. 2013; Willott et al. 2013 Willott et al. , 2015 Barnett et al. 2015) . Because of the lack of constraints on the near-IR and mid-IR bands, we did not make full fits as for the cases in sample-A, but scaled the templates to some specific data points. For the AGN component, considering the potential extinction effect and possible lack of hot dust emission (to be discussed in Section 5), we scale the template to the data point at λ rest = 0.1450 − 1.0µm, which yields a maximum AGN luminosity. For the host component, we scale the Haro 11 template to the data point at λ rest > 50µm, which yields a minimum IR luminosity. Then we calculated their total infrared luminosities, the fraction of host contribution, and star formation rates, as summarized in Table 4 . Compared with sample-A, sample-B contains less-luminous quasars (mainly contributed by the Canada-France High-z Quasar Survey, see Omont et al. 2013 and references therein), and consists almost entirely of quasars at z > 5.7.
In the following discussion, we will mainly focus on sample-A, whose data points are more uniformly collected and have the same detection limits. We will discuss sample-B only as a complement to conclusions based on sample-A.
5. DISCUSSION 5.1. Heating Sources for the Infrared Energy Output To study the host galaxies of high-z quasars from infrared SEDs, the heating sources of the infrared-emitting dust and the contribution from the host star formation should be examined first. Previously, a number of papers made the assumption that the heating process for the FIR-emitting warm dust is dominated by host star formation (e.g., Leipski et al. 2014) , or assumed some conservative fraction of host star formation heating (e.g., Wang et al. 2011c) . From a theoretical point of view, Li et al. (2008) and Schneider et al. (2014) studied the heating of the observed SED of J1148+5251, an archetypal high-luminosity high-redshift quasar. They argued that the heating of the dust in the host galaxy could be dominated by processes related to the central engine, rather than the host star formation. This field is quite controversial.
As shown in Figure 6 , the AGN template from Xu et al. (2015b) is not sufficient to reproduce the far-IR SED of many z 5 quasars with rest-frame far-IR detections. To investigate the average infrared properties of these quasars, we fit the three stacked SEDs in Leipski et al. (2014) , shown in Figure 4 . For the FIRdetected SED (from objects detected at least three Herschel bands), we can see a clear contribution in the far-IR from the host galaxy. For the partly detected SED (from objects with significant PACS 100 µm and/or 160µm flux), the AGN template alone is enough to reproduce the SED. For the objects without any Herschel detections, there are some HDD quasars with SEDs deviating from normal AGNs, as indicated by the low ratio of rest 24 µm to optical. The stacked SEDs for the 14 partly Herschel detected and the 33 non-detected systems show no evidence for significant far-IR output over that of typical quasar templates. It would be difficult to understand why just 10 of this sample had strong heating of the host galaxy ISM by the quasar. A plausible explanation is that these 10 Herschel-detected systems have high levels of star formation, while for the other quasars the star formation is weak.
At very high redshift, cosmic microwave background (CMB) is also a source for dust heating (da Cunha et al. 2013) . However, since the dust temperatures in highz quasar host galaxies are typically ∼ 35-50K (e.g., Xu et al. 2015b; Leipski et al. 2014) , at least twice the CMB temperature for the relevant redshift range (T CMB ∼ 18K at z ∼ 5.5), a correction is not significant compared with the other uncertainties in our derivations.
Are AGN Host Galaxies at z 5 Low-metallicity?
For quasars at z ∼ 1 − 6, emission line ratios are found to trace (super-)solar gas metallicities (up to ∼ 10 Z ⊙ ) in broad line regions (BLRs) without any strong indication of redshift evolution (Nagao et al. 2006 (Nagao et al. , 2012 Jiang et al. 2007; Juarez et al. 2009 ). However, the mass of the BLRs is small (10 2 − 10 4 M ⊙ ), and might not be representative of the overall formation history of the galaxy. Wang et al. (2010a Wang et al. ( , 2011a showed that the star formation can be enhanced in the accretion flow of the AGN, possibly resulting in locally increased metallicity. The narrow-line regions (NLRs) of quasars at z ∼ 1 − 4 are also found to be around solar-metallicity without strong evolution (Matsuoka et al. 2009 ). In contrast with the BLRs, the typical size of the NLRs (∼ 10 1−4 pc, Bennert et al. 2006b,a) is comparable to the size of the host galaxies. The only quasar beyond z 5 with a NLR metallicity constraint is TN J0924−2201, a type-2 radio galaxy at z = 5.19 (Matsuoka et al. 2011) . Considering the small sample size and uncertainty of the metallicity calibration, the result for TN J0924−2201 does not provide much knowledge of the metallicity in the z 5 quasars. We do not have observational constraints on the metallicity of these quasar hosts from emission line analysis.
Another possible approach to get metallicity constraints on (or near) distant quasar hosts is from analyzing the absorbers with high H I content (N H I 10 20 cm −2 ), or so-called damped Lyman-alpha (DLA) systems, at the redshift of the quasar (Hennawi et al. 2009; Zafar et al. 2011) . Hennawi et al. (2009) reported the discovery of a bright Lyman-α blob associated with the z = 3 quasar SDSS J124020.91+145535.6 and gave a lower limit to the gas metallicity Z 1/10 Z ⊙ . Zafar et al. (2011) studied a physical quasar pair Q0151+048 (z ∼ 1.9) and suggested an overall metallicity of 0.01 Z ⊙ for a DLA associated with one member. The redshifts of these two quasars are relatively low. It is also not clear if they are representative of the general population. As argued by Finley et al. (2013) , statistical study shows the absorption of the associated DLAs is more likely to happen in the galaxies neighboring the quasar, rather than in the AGN host galaxy. Further detailed studies on larger samples are needed to make any conclusive argument.
Several works argued that some massive galaxies at high-z have solar metallicity (e.g., Maiolino et al. 2008; Mannucci et al. 2009; Rawle et al. 2014) . It is possible that these objects are mature and highly evolved. However, we should be cautious about the derived metallicity with very limited data points for individual sources. Convincing measurements of metallicity at high-z require more understanding of the ISM in these systems. For 2.0 < z < 2.5 galaxies, statistical studies based on multiple metallicity tracers show that their metallicities drop at large masses (Maier et al. 2014; Cullen et al. 2014) . For the very early Universe, simulations suggest population III stars contribute little to the chemical enrichment of the ISM (Valiante et al. 2009 ). The existence of a huge population of low-metallicity systems between the cosmic reionization and z > 2.5 should be expected. Since highz quasars are originally identified by their AGN features, the properties of their host galaxies should not be much biased by the selection. It is therefore plausible that the high-z quasar host galaxies have metallicities moderately, if not substantially, below solar.
In this work, hints for the low-metallicity of the AGN host galaxies at z 5 are from the successful reproduction of the observed SEDs based on two-component fits, as shown in Section 3.3. The high dust temperature and boosted mid-IR emission are two major features of the IR SED of Haro 11, a dwarf galaxy with metallicity Z ∼ 1/3 Z ⊙ . For the IR SED of these quasars, the lowmetallicity Haro 11 template works significantly better than the normal SF templates. Xu et al. (2015b) discovered a warm mid-IR component of some type-1 quasars at z ∼ 0.7 − 2.5, which can not be reproduced by the combination of the AGN template and normal SF template. This warm excess is found to be more prominent at higher redshifts in their sample. As shown in Section 3.3, a strong mid-IR SED excess also does exist when fitting the host galaxy with normal SF templates for the z 5 quasars. In contrast, by introducing the Haro 11 template, the mid-IR part of the SED of the z 5.0 quasars is reproduced better: there is no strong hint of the warm excess for the majority of the quasars. The low-metallicity of the host galaxy is a possible explanation for many such warm excesses at highz: the dust population in the low-metallicity environment tends to be dominated by small-size grains, which would result in substantial emission in the mid-infrared. Due to the increase of the mid-IR emission, the effective dust temperature fit from the whole infrared SED is also boosted. Nonetheless, a small number of z 5 quasars still show a mid-IR warm excess, such as J0338+0021 and J1602+4228, even with the Haro 11 template fitting. We suggest that such additional warm excess not reproduced by the "Haro 11 + AGN" SED model could be due to an extreme circumnuclear starburst or that the host galaxy has a much lower metallicity.
The Star Formation Rates of Quasars at z 5
In estimating a SFR, the largest uncertainty comes from the assumed star formation calibration. In Appendix B, the star formation determination for the lowmetallicity dwarf galaxies is discussed. We show that the Kennicutt (1998) IR star formation law is still valid to roughly estimate the obscured star formation rates for the low-metallicity dwarf galaxies, including Haro 11. Besides the obscured star formation, we also consider the unobscured star formation as revealed by the UV emission. As shown in Appendix B.2, Haro 11 has a low UV star formation rate estimate, which is only ∼10% of that deduced from the far-IR. For a 2000 M ⊙ /yr infrared SFR, the corresponding UV SFR would be 200 M ⊙ /yr, consistent with the upper limit given for the archetypal z ∼ 6 quasar J1148+5251 (Mechtley et al. 2012) . The UV star formation of high-luminosity quasar host galaxies at z ∼ 2.6 is also found to be quite weak (Cai et al. 2014) . These examples indicate that a low contribution to the estimated SFR from the UV is appropriate for quasar host galaxies identical to those for J1148+5251 and the Cai et al. (2014) quasar sample. However, we can not rule out the possibility that some of the host galaxies at the epoch of reionization have larger escape fractions than Haro 11 and hence a large fraction of UV emission, causing us to underestimate their total SFRs.
Many censored data points also make the SFR estimation difficult. For the quasars with at least two detections in the far-IR, the host galaxies are reasonably well fit. The derived star formation rates are on the order of 10 3 M ⊙ /yr, a typical value also found by other authors (e.g., Wang et al. 2008b; Leipski et al. 2014) . For quasars without any far-IR detections, we could only determine the upper-limits of their SFRs. As described in Section 2.3, we consider all the censored data points during the fitting process. For sources without far-IR detections, the fitted upper limits on the SFRs are based on templates constrained by multiple 3-σ non-detections and result in overestimated SFR constraints. To solve this problem, we scale the host template to each nondetected 3σ-limit observation, derive the respective SFR, and pick the lowest one as the final constraint on the quasar host SFR. During this process, the contribution of the fitted AGN component is fixed and subtracted when deriving the SFR.
For the HDD quasars, the AGN template fails at λ 1.0µm. In addition, none of them are detected in the far-IR. To derive conservative upper limits for their SFRs, we assume that all their far-IR emission comes from the host galaxy. Consequently, we ignore the fitted AGN component when we scale the host template to the observations.
We ignore the results for J0017−1000 and J1443+3623 of sample-A, whose host contribution is too minimal to be evaluated. From Kaplan-Meier analysis 5 , the mean infrared host galaxy luminosity of the sample-A is log(L SF,IR /L ⊙ ) = 12.51 ± 0.10 , (sample A) which corresponds to an average star formation rate
Another approach to compute the average star formation rate is to analyze the stacked SEDs. As shown in Figure 4 and Table 5 , the fraction of the host contribution is too small to give any physical constraints on the SFR of the stacked SEDs of Herschel partly-and non-detected quasars. We simply conclude substantial star formation only happens in the Herschel FIR-detected stacked SED, whereas the star formation in other stacked SEDs is minimal and set to be zero. Then an arithmetic mean of sample-A is
This result is almost the same as that from the KaplanMeier analysis for individual sources, confirming the validity of the result from the Kaplan-Meier estimator. For sample-B, after rejecting SDSS J2329-0301 due to its minimal host contribution, we use the Kaplan-Meier approach to derive a mean infrared luminosity for 32 quasars
which corresponds to an average star formation rate
This estimate is subject to systematic errors because the majority of the sample-B members only have submillimeter measurements at 1.2 mm, and these fall well beyond the peaks of their far-IR SEDs. Therefore, any deviation of the SED from the template will result in significant errors in the estimate of infrared luminosity. Nonetheless, within the errors, this SFR is similar to that from sample-A. In fact, we will show in Section 5.5 that the indicated slightly lower SFRs for sample-B is as might be expected from the generally lower luminosities of their AGNs.
We believe that the average SFR estimated above is robust even if Haro 11 is not representative for some quasar host galaxies. As shown in Section 3.1, the results from the Haro 11 template are not substantially different from the normal SF templates in Rieke et al. (2009) . In fact, the AGN template is principally fixed by data points at ∼ 1 − 5 µm, leaving the SF template to be matched to the mid-IR to far-IR SED. The large range between the maximum star formation rates and the averages suggests that star formation is very "bursty" in the host galaxies, and that the averages can be considered to represent the rates integrated over time. These issues are discussed in Section 5.5.
AGN Luminosity
The total AGN luminosity can be estimated from integrating the Elvis template (e.g., Hao et al. 2014 , Xu et al. 2015b . Since our fits are limited to the infrared (1-1000 µm), the total AGN luminosity can be derived by scaling an infrared-to-bolometric correction of 5.28 (Xu et al. 2015b ) to the AGN total infrared luminosity L IR,AGN 6 . Before that, we check the validity of the Elvis template in the UV/optical bands. As shown in Figure 4 , the Elvis et al. (1994) template reproduces the UV to mid-IR stacked SED of these quasars well. For individual sources, although there are some detailed offsets, the Elvis template generally matches the observations. The monochromatic flux at rest frame 1450Å is a frequently used indicator of AGN UV continuum brightness in the literature. By applying a scaling factor of 4.65 7 on the νL ν (1450Å), the AGN bolometric luminosity can be estimated. Taking mag(1450Å) in the literature as a crude but independent tracer of AGN bolometric luminosity, in Figure 7 , we plot the mag(1450Å)-based AGN bolometric luminosities against the L F IR -based ones. There is a small offset from 1:1 on the correlation between the AGN luminosities from mag(1450Å) and from the infrared bolometric correction, which can be explained by possible UV extinction. In summary, though the normalization of the AGN template is constrained by the rest-frame near-IR to mid-IR data points, the residuals of observed UV/optical SEDs from the IR fit to the Elvis template are generally small. Leipski et al. (2014) pointed out 11 quasars with a dearth of very hot dust. We confirm their peculiarity by comparing their observed SEDs with the Elvis template. If normalized at UV/optical wavelengths, the Elvis template clearly overestimates the observed SED beyond rest frame 1 µm. Since we do not have a clear picture of the full wavelength SED of these HDD objects, their luminosities are hard to derive. We still rely on the L FIRbased luminosity, rather than UV-based luminosity, for two reasons: (1) the UV-optical SED could suffer extinction, thus underestimating the total bolometric luminosity; (2) the UV emission is not isotropic while the sources are optically thin in the near-and mid-IR (Marconi et al. 2004) . Judging by the UV/optical observation, we do not expect the template-derived luminosity has more than one order of magnitude deviation from the observed one. In Figure 7 , it is interesting to note the HDD quasars in this work generally follow the same trend as normal quasars. Finally, we can derive the average AGN bolometric luminosity of sample-A with standard error to be:
This value is ∼ 36% of sample-A
Implications for BH-galaxy Evolution
We now compare the relative strength between SF activities and AGN luminosities of z 5 quasars with that of relatively low-z and intermediate-z quasars. In Figure 8 , we put the average values for z 5 quasars on the relation between SF IR luminosity, L SF,IR , and AGN luminosity, L AGN , for the Xu et al. (2015b) type-1 quasar sample. The average properties of the z 5 quasars fall along the fit relation. This is unexpected, however, since quasars at z 5 and those at z < 3 should be in different star formation phases. From a theoretical perspective, there should be no star formation main sequence as is the case in the z < 3 Universe, but bursts of star formation and periods of near-zero star formation rates, likely due to the dynamically disturbed gas within the galaxy halo (e.g., Muratov et al. 2015) . Current observations suggest the star formation in some z > 5 quasars is extremely vigorous with SFRs at levels of 10 3 M ⊙ /yr (e.g., Wang et al. 2008b) or relatively mild with SFRs 50 M ⊙ /yr (e.g., Willott et al. 2013) . Despite this large dispersion, an underlying relation between the average host star formation and AGN luminosity, which has been suggested for very luminous AGNs at z 2.5 (e.g., Netzer 2009; Rosario et al. 2012) , seems to already exist at z ∼ 5 − 6. By taking an average of the star formation rates of quasar host galaxies in the largest sample at z ∼ 5 − 7, we can retrieve a rough time-averaged star formation rate during the lifetime of these quasar host galaxies. In other words, we assume that the relative number of host galaxies with very active star formation (SFR∼ 10 3 M ⊙ /yr) to those without significant star formation (SFR 10 M ⊙ /yr) reflects the relative time duration of the star-bursting phase to the quiescent phase of the galaxies. Since stars lose mass quickly after leaving the main sequence, we can ignore their contribution to the stellar mass of the galaxy. The main sequence lifetime of a star with mass M is
Then we have a simple model relating the stellar mass M * to the galaxy growth time ∆t and the initial mass function ξ(m) as:
where M low is the minimum stellar mass, which is assumed to be 0.1 M ⊙ ; M ⊙ (t/10) −0.4 is the maximum stellar mass of stars that are still on the main sequence at time t (unit: Gyr); ∆t is the epoch of galaxy mass assembly.
To start, we simply assume a standard Salpeter IMF (Salpeter 1955) , and estimate the increase in host galaxy stellar mass since the start of the cosmic reionization, i.e., z = 8.8 Gyr. Taking the average star formation rate for sample-A and solving the integration in Equation 8, we derive the stellar mass that could form in a z ∼ 5.5 quasar to be M * ≈ 3.0
This rough estimate is not highly sensitive to the starting redshift, nor to the form of the standard IMF (see Table 6 ). For example, if we assume a start at z = 20, the total stellar mass increases by less than a factor of two. We can also change the power-law Salpeter IMF to a more realistic Kroupa & Weidner (2003) IMF with a turnover below ∼ 1 M ⊙ and use the updated IR star formation calibration in Kennicutt & Evans (2012) . The derived M * is lower by up to 10%. As a result, we estimate that the SFRs we deduce for the host galaxies are likely to result in formation of a net mass (3 − 5) × 10 11 M ⊙ during the major assembly phases for these quasar host galaxies. Although this result was derived for sample-A, the high average SFR also exhibited for sample-B indicates it is generally true for highredshift quasars.
We compare this mass with typical masses for the central black holes in these galaxies, ∼ 10 8 − 10 9 M ⊙ (e.g., Jiang et al. 2007; Kurk et al. 2007 Kurk et al. , 2009 Willott et al. 2010a; De Rosa et al. 2011; Jun et al. 2015 ). It appears that the formation of stellar mass is adequate to establish M BH /M * ,total at 0.1 -1%, which is in good agreement with estimates of this parameter locally (e.g., Kormendy & Ho 2013 and references therein) , and with the evidence at z 2 that the ratio does not evolve substantially with redshift. If some of the z 5 host galaxies have a larger escape fraction than Haro 11 and hence their SFRs are under-represented by our approach, this conclusion is strengthened. Our conclusion agrees with the measurement of the dynamical masses of these systems (Willott et al. 2015 ) that also indicates very little evolution of this ratio with redshift up to z∼6.
6. SUMMARY In this work, we describe an effective strategy to analyze the infrared output of high-z quasars. A twocomponent SED model to quantify and distinguish star formation and nuclear activity is proposed: the host galaxy component can be represented by the SED of Haro 11, a low-metallicity dwarf galaxy with extreme compact star-forming regions; the AGN component can be represented by the Elvis et al. (1994) AGN template with the IR star formation contribution subtracted. Such a simple model can help us have a better idea of the AGN and star formation contribution for these highz objects when only limited observations are available. Using this method, we have analyzed the AGN contribution and host galaxy contribution to the infrared SEDs of 69 quasars with Herschel observations in Leipski et al. (2014) and another 33 quasars in the literature. Our major conclusions are as follows:
1. Haro 11 is a faithful representation for the host galaxies of z 5 quasars. Besides its moderately lowmetallicity, Haro 11 has a very high star formation surface density, which is common for high-redshift galaxies as well as quasar hosts.
2. The AGN contribution to the UV-to-IR SEDs of z 5 quasars can be well-represented by the Elvis et al. (1994) AGN template with the star formation contribution to the IR subtracted. For the infrared, except for the HDD quasars, there is no detectable over-prediction of the observed flux from the modified AGN template. After subtracting the AGN contribution in the IR, the residual flux can be interpreted as the IR contribution from host galaxy star formation, which is well-fit by the Haro 11 template.
3. The warm excess found for some high-z quasars (see, e.g., Xu et al. 2015b) can be produced by the introduction of the Haro 11 template, suggesting this feature may reflect the low-metallicity of the quasar host. The Haro 11 template also shares the high dust temperature found in the far-IR measurements of high-z quasars. That is, these two features can be explained by the dust properties and distribution in the low-metallicity environment.
4. The average SFR of the z ∼ 5−6.5 quasars observed by Herschel is ∼ 620 M ⊙ /yr, considering both far-IR detected and non-detected observations. 5. For the overall population of z 5 quasars, the total AGN luminosity L AGN and average infrared luminosity from star formation L SF,IR fall along the relation defined by z < 2.6 quasars. This is unexpected since the star formation at z 5 and that at z 3 should experience different phases (e.g., bursty vs. relatively steady).
6. Assuming the sample averaged SFR is a rough timeaveraged SFR estimate during the lifetime of the quasar host galaxies, we found the z ∼ 5−6 quasar host galaxies could form ∼ (3 − 5) × 10 11 M ⊙ of stars. With the black hole mass measurements of these quasars, such massive host galaxies make possible a local BH-galaxy mass relation M BH /M * ∼ 0.1 − 1% at z ∼ 6, suggesting there may not be strong redshift evolution of the BH-galaxy mass ratio.
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In Table 7 , we list the basic information and fit parameter values. In Figure 9 , we show the SED continuum fits for the 19 DGS galaxies. We also present the results of single modified blackbody fits (only on Herschel data) for comparison. Figure 10 shows the full infrared SEDs (after adding the Spitzer spectra) for the 19 DGS galaxies. The mid-IR continua derived from the photometry fitting and those directly obtained from the mid-IR spectra are consistent. The mid-infrared regions of these low-metallicity objects present substantial forbidden line emissions and weak or no PAH emission (e.g., Wu et al. 2006 Wu et al. , 2007 , which contribute little to the continuum. For the final model SEDs of the 19 DGS galaxies, we discard the mid-IR portion of the fit SED continua based on WISE and Herschel photometry, and replace it with scaled Spitzer spectra. Figure 11 compares the 19 low-metallicity templates with the normal SF galaxy templates in Rieke et al. (2009) . The SEDs of these dwarf galaxies show a lot of variation. Compared with the solar-metallicity galaxies, the low-metallicity infrared SEDs derived in this work tend to have the following features:
A.3. Features of low-metallicity galaxy templates
• Higher far-IR dust temperature. For the lowmetallicity galaxies, the typical dust temperature is T dust = 34 ± 7.7. Our value is similar to the result by Rémy-Ruyer et al. (2013) 
Compared with the Herschel KINGFISH sample (T dust ∼ 23K, Rémy-Ruyer et al. 2013), which contains more metal-rich environments, the dust in these low-metallicity systems is generally warmer;
• Steeply rising mid-IR continua. For low-metallicity galaxies in this work, the mid-IR continua slope α = 3.8 ± 0.8, which is much larger than typical values in normal galaxies (α = 2.0 ± 0.5 in Casey 2012; 1.7-2.2 in Blain et al. 2003 );
• Weaker aromatic features. The contribution of aromatic features to the infrared SED of lowmetallicity galaxies is substantially lower than normal galaxies. The weaker aromatic features with decreasing metallicity have been reported by many authors (e.g., Engelbracht et al. 2005 Engelbracht et al. , 2008 Madden et al. 2006 ).
All of these features can be explained by a rich population of small (and/or hot) grains in the lowmetallicity environments (e.g., Madden et al. 2006 ). In addition, some authors also report mm excess emission in these dwarf systems (e.g., Galliano et al. 2003 Galliano et al. , 2005 Galametz et al. 2009 ). Since the origin of this excess is not clear and its contribution to the infrared luminosity is tiny, we do not consider it in this work. 
This relation is widely used for high-z galaxies though it was originally established for star-bursting galaxies. However, it is not clear if and how it is valid for lowmetallicity dwarf galaxies. In general, the star formation in a galaxy can be both dust-obscured and dust-unobscured. For unobscured star formation, tracers that probe direct stellar light (e.g., the GALEX FUV at 0.153µm) or ionized gas tracers (e.g., Hα, Paα) are used. For dwarf galaxies, Lee et al. (2009) find FUV has a better performance than Hα to trace the star formation, since the latter tends to underpredict the total SFR relative to the FUV for low luminosity systems. Therefore we use the FUV star formation law derived in Salim et al. (2007) , a study that includes dwarf galaxies, to calculate the dust-unobscured star formation rate:
(B2) The dust-obscured star formation can be determined from the dust-processed light at wavelengths where dust emission dominates (e.g., the 24 µm emission, the total infrared emission). We use MIPS 24µm star formation law in Rieke et al. (2009) :
The final star formation rates of these dwarf galaxies are assumed to be a sum of these two components, which will be compared with that derived from the total infrared luminosity (Equation B1).
We collect GALEX FUV and MIPS 24µm data to derive the star formation. All of the 19 dwarf galaxies above have MIPS 24 µm observations, and 14/19 have GALEX FUV observations. We retrieve their photometry from the catalog of Spitzer Enhanced Imaging Products 11 and the GALEX offical online catalog 12 . IC10, NGC 4214, UM 311, VII Zw 403 are either too extended or have a close companion in their MIPS 24 µm images, thus they were removed from the comparison. GALEX FUV photometry can be found for all sources with MIPS observations.
In Figure 12 , we compare the star formation rates derived from the 8-1000µm infrared emission and those derived from the combined GALEX FUV and MIPS 24µm emission. Within a three order-of-magnitude dynamical range, the star formation rates from these two approaches are generally consistent, without any obvious offset due to metallicity effect. Thus, we conclude the behavior of Kennicutt (1998) L TIR star formation law is similar to other star formation indicators for the population of dwarf galaxies, at least for those studied in this work, and not very sensitive to metallicity. Fig. 9 .-IR SEDs of the 19 DGS galaxies. Blue circles are for detections and red down arrows are for upper limits. The available Spitzer/IRS spectrum for each source (red crosses for the flux, yellow shadows for the flux error) is also plotted. We first subtract the stellar light in the SED by assuming a Rayleigh-Jeans tail scaled by the WISE W1 band data point, then fit the data points at 8-1000µm with the modified blackbody + mid-IR power-law model (namely, CMC fits, green lines). The final model SED is shown as dark grey lines. The T , α, and β parameters derived from the CMC fits are indicated on the right up corner of each panel. In a similar fashion as Rémy-Ruyer et al. (2013) , a single modified blackbody is also fit to the Herschel data points for comparison (light grey line). Fig. 12. -Comparison of star formation rates (SFRs) from the total infrared luminosity (8-1000 µm) and those from GALEX FUV + MIPS 24 µm. The colors code the metallicity 12+log(O/H). As a guide to the eye, we also show the one-to-one (gray solid line), one-to-five (gray dashed line), and one-to-ten (gray dotted line) lines.
B.2. Star Formation Law of Haro 11
As discussed in Section 2, Haro 11 was selected as the candidate galaxy template for high-z galaxies. With ample observations presented in the literature, its star formation rate can be estimated using various starformation indicators, including the 8-1000 µm infrared luminosity, MIPS 24 µm emission, Hα emission-line luminosity, and FUSE/GALEX FUV luminosity. Following the calibrations listed above, we estimate its star formation rates and summarize these results in Table 9 .
The SFR determined from the 24 µm emission is ∼ 1.8 times higher than that from either L IR or L(Hα). This discrepancy is a direct consequence of its hot SED (Engelbracht et al. 2008 ) and the resulting large fraction of its L IR emitted at 24 µm (see Figure 13) 13 . Given the close agreement in the SFRs from Hα and L IR , we conclude that Haro 11 falls above the trend line in Figure 12 because FUV+24 µm overestimates the SFR and L IR gives a valid estimate. Moreover, since Haro 11 presents very young stellar populations (Adamo et al. 2010) , the contamination of emission from old stars to the far infrared emission is negligible, which makes the L IR , following the Kennicutt (1998) SF law, a robust tracer of the obscured star formation
We use the FUV luminosity based on GALEX observation and assume the star formation law in Salim et al. (2007) to estimate the unobscured star formation. The final adopted star formation rate of Haro 11, which is 34.0 M ⊙ /yr, is based on a combination of GALEX FUV emission and the 8-1000 µm infrared emission. We can finally relate the infrared luminosity and FUV luminosity of Haro 11 to its total star formation rate, which includes both the obscured and the unobscured, as 
This is the star formation law used for the Haro 11 tem-13 Another galaxy with SFR(24µm)/SFR(FIR)> 1.25 in our low-metallicty galaxy sample is Mrk 153, which hosts an AGN that boosts the mid-IR emission. Grimes et al. (2007) Note. -a All luminosities are scaled to the distance 92.1 Mpc (Bergvall et al. 2006) . b We corrected the Hα extinction based on the observed Balmer decrement Hα/Hβ = 4.08 (Bergvall &Östlin 2002) with the assumption of an intrinsic ratio 2.85 and a Calzetti (2001) extinction law. The attenuation at V-band is estimated to be AV = 0.95, suggesting the intrinsic Hα flux would be a factor of 1.34 larger than the observed. c For the UV band, since we do not make extinction corrections, the SFR(FUV) listed here are only for unobscured star formation. plate in the main part of this paper.
